Just as classical information systems require buffers and memory, the same is true for quantum information systems. The potential that optical quantum information processing holds for revolutionising computation and communication is therefore driving significant research into developing optical quantum memory. A practical optical quantum memory must be able to store and recall quantum states on demand with high efficiency and low noise. Ideally, the platform for the memory would also be simple and inexpensive. Here, we present a complete tomographic reconstruction of quantum states that have been stored in the ground states of rubidium in a vapour cell operating at around 80
back-action, so this measurement based approach to storage can never allow perfect reconstruction of the input state. To unconditionally beat this limit, a quantum memory must have an efficiency greater than 50% and work in a way that does not involve any projective measurement in order to avoid quantum back-action. If this can be done, a new interesting performance benchmark can be surpassed, namely the no-cloning limit 6 . If this limit is beaten then it is guaranteed that the output of the quantum memory is the best possible copy of the original input state. For coherent states, the cloning fidelity limit is 0.68 7 .
To date there have been many impressive demonstrations of quantum state storage in various systems including cold atomic ensembles [8] [9] [10] [11] and rare-earth ions in solid state [12] [13] [14] . In the present work we use an ensemble of Rb atoms in gaseous state [15] [16] [17] [18] and store quantum states of light in the atomic ground states. Not only does our scheme exhibit high efficiency and high fidelity storage of quantum states, it does so in a common vapour cell operating above room temperature. We use a cell of 87 Rb mixed with 0.5 Torr Kr buffer gas at T ∼ = 80 o C. We verify storage of states beyond the no-cloning limit using quantum state tomography with near-coherent input states of photon numbers ranging from n ≈ 1 to 23. Without the use of tuneable conditional measurement 9, 13, 14, 19 , we observed fidelity as high as 98%.
Scheme
Our method stores optical information in the long-lived coherence between hyperfine ground states of warm Rb atoms. The Raman transition between these ground states is inhomogeneously broadened by a linearly varying Zeeman shift resulting from a magnetic field applied along the light propagation axis. A strong control field couples weak signal field to the broadened Raman transition, allowing the quantum state of the signal to be mapped onto the ground state atomic coherences with more than 99% absorption efficiency. The stored information is retrieved as a photon echo by switching the sign of the magnetic gradient field, which has the effect of time-reversing the absorption process. The underlying photon-echo protocol has been previously described as longi-tudinal controlled reversible inhomogenous broadening (L-CRIB) [20] [21] [22] [23] and gradient echo memory (GEM) 24, 25 . The three-level scheme in the present work is known as Lambda Gradient Echo Memory (Λ−GEM) 26 . Earlier work has shown that this method is highly efficient, with demonstrated recall efficiency as high as 87% 27 , while also allowing for spectral manipulation and recall of information in arbitrary order 28, 29 (see the Supporting Materials for further details).
A two-level GEM protocol 24, 25 has previously been applied to a cryogenically cooled solid state sample where noiseless storage of optical pulses was demonstrated 12 . Compared to the twolevel scheme, Λ−GEM is more versatile in terms of data manipulation and, in principle, is capable of long memory times due to the negligible coupling between the atomic ground states used for the storage. The price we pay for this versatility is the need for a control field. This field is strong and, in some regimes, could result in the addition of noise to the stored quantum states due to the potential for non-linear interactions within the atomic vapour. One of the key findings in the present work is that we can find a regime where Λ-GEM provides highly efficient storage without any memory contamination due to the control field.
The signal and control fields have the same circular polarisation and are combined before the memory using a locked ring cavity. After the memory, the control field is filtered out using a gas cell containing 85 Rb atoms 9, 19 . The filtering provides ∼ 60 dB suppression of the control field with a signal field attenuation of only 1.5 dB.
Tomographic reconstruction
To measure the noise performance of the memory and accomplish quantum state tomography we recorded more than 100,000 homodyne measurements for each input and output state. The input pulses had a duration of 2 µs and were stored for 3 µs. The bandwidth of the pulses was matched to the chosen memory bandwidth of 0.5 MHz to maximise the single-mode efficiency of the system. The bandwidth of the GEM scheme is easily tuneable since it is determined by the applied magnetic broadening, although there is always a trade-off normalised between the efficiency and bandwidth when limited by the optical depth. The multimode capacity of our protocol has been demonstrated elsewhere 27 .
The control field was switched off for 1 µs during storage to minimise decoherence due to scattering 27 . The storage time was made sufficiently long to avoid electronic noise associated with the magnetic field switching. To find the efficiency of our memory we compared stored pulses with reference pulses of identical size that were tuned far away from the atomic resonance so that they were fully transmitted by the memory gas cell. This was done for a range of different pulse amplitudes. Both the reference pulse and the stored pulse are thus subject to common transmission losses. Our measured efficiency of 78±5% therefore quantifies the memory process alone. The other efficiency parameters of the experiment will be discussed in greater detail when we consider the the quantum nature of the memory.
To determine the phase of each pulse, we sent a strong reference pulse at a different frequency 9 µs prior to the input pulse. This separation is small compared to the time scale of phase fluctuations in the experiment, so that we can reliably infer the phase of the input and echo pulses relative to our reference pulse. The error obtained from the least-squares fit to the pulse data indicates that phase estimation uncertainty is 29 mrad. We integrated the amplitude of the input and the echo pulses over the pulse duration to find a quadrature value and then and used the reference pulse to associate a phase with each integrated quadrature value. The quadrature measurements were used to reconstruct the density matrix elements, the results of which are plotted in Fig. 2 for two coherent states with different amplitudes. This was done using an iterative maximum-likelihood reconstruction method 30 applied to the data collected from 100,000 pulses.
The density matrix results allowed us to investigate the photon statistics of our light pulses before and after the memory. In Fig. 3 A and B , we plot the photon number distribution of the in-put and output pulses. These distributions are obtained from the diagonal density matrix elements.
The solid blue lines show a Poissonian distribution, fitted to the measured mean photon number of 3.4. The good agreement of our data with this model shows that our output states are also near Poissonian, as we would expect for near coherent input states. This distribution can be compared to the photon statistics that would be obtained in the case of a memory with equal efficiency but contaminated by extra noise. To do this we assume equal amounts of Gaussian noise are added to the phase and amplitude quadratures of our output state and then find the resulting photon number distributions. In Fig. 3 B we show curves that illustrate the photon statistics we would obtain assuming Gaussian noise that degrades the fidelity of our memory to the classical and no-cloning
limits. This data clearly shows that our memory does not introduce significant noise to the output pulses and easily exceed the no-cloning limit.
To get an intuitive picture for quantum-state tomography we reconstruct the Wigner function 31 , which is a quasi-probability distribution in phase space. Among various phase space plots, the Wigner distribution is used frequently to measure probability in coordinate and momentum space. 
Fidelity and T-V characterisation
In order to quantitatively characterise the memory performance in the quantum regime we analyse the storage fidelity by evaluating the overlap between the input and output states. The fidelity (F )
can be computed as the overlap integral of the input and output Wigner functions or directly from the density matrix using the equation
These results are presented in Fig. 4 A. The observed fidelity is as high as 93% for N = 3.4
and 98% for N = 0.67. In the limit of storing pulses with no photons, i.e. a vacuum, the efficiency of the memory no longer plays a role in determining the fidelity, since a memory with low efficiency can still output a pure vacuum state. For low photon numbers the fidelity is, however, sensitive to added noise. The high fidelity that we observe at low photon numbers is therefore indicative of a memory that does not add noise to the output state. Also shown in this plot are the classical (trace(i)) and optimal fidelity (trace(ii)) limits for coherent states of 1/2 and 0.68, respectively. All our data points are at or beyond the coherent state no-cloning limit. This is, however, only of real significance for the two smallest photon numbers where the states are, to good approximation, coherent. As expected from a real experiment, our pulses have some amount of noise above the vacuum fluctuations. This added noise, mostly due to small instabilities in our cavity locking servos, increases with photon number. Since the fidelity is highly state dependent the quantum and no-cloning benchmarks obtained for coherent state are not valid for states with higher photon numbers. Also shown on this figure are lines that indicate the maximum possible fidelity 33 of our memory assuming the measured input state, the measured efficiency and the absence of any additional noise other than vacuum fluctuation introduced due to the sub-unity efficiency. Except for the largest state ( N = 22.4), our memory performs close to or at this limit for all of our data points, again indicating that our memory does not add any substantial noise to the stored quantum state.
As the above analysis shows, the state dependent nature of the fidelity means that it is not an easy-to-use measure of the memory performance. In the case where the memory is being probed with various input states with different levels of added noise, each input state has its own unique no-cloning limit for fidelity. To unambiguously quantify the performance of our memory it would be advantageous to use a state independent criterion. This can be done using a signal-transfer and conditional-variance characterisation known as a T-V diagram. This method was originally proposed for characterising quantum non-demolition measurements 34 and later adapted to quantum teleportation 35, 36 and quantum memory 37, 38 . When calculating the conditional variance it is important to account for the total detection efficiency of the experiment. In our analysis the quantum efficiency of the detectors (90%), fringe visibility of the homodyne (97%) and transmission of the signal through the filtering cell (70%) have been taken into account while calculating the conditional variances by extrapolating the variances of the input and output to the state prior to these losses. With this state independent measurement, the results demonstrate that our system has convincingly surpassed the no-cloning limit of quantum memory for a range of photon numbers.
In the current experiment, the coherence time of the memory (∼10 µs) is limited by the diffusion and collision of atoms. It was recently shown that by preparing cells with single-compound alkene-based coatings, spin relaxation times of up to few seconds can be easily achieved even at high temperatures 39 . This spin relaxation time is comparable to the best coherence time measured in cold atomic ensembles. In terms of the miniaturisation of these types of memories, extensive work has been done to manufacture microscopic vapour cells for alkali atoms [40] [41] [42] [43] . Hollow-core waveguides also show great promise in developing integrated coherent photonic structures 44 . All of these developments together with the results presented here suggest that Rb vapour could be a reliable and scalable platform for quantum memory.
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